The physiological conditions and molecular interactions that control phage production have been studied in only a few families of temperate phages. We investigated the mechanisms that regulate activation of lytic development in lysogens of coliphage N15, a prophage that is not integrated into the host chromosome but exists as a linear plasmid with covalently closed ends. We identified the N15 antirepressor gene, antC, and showed that its product binds to and acts against the main phage repressor, CB. LexA binds to and represses the promoter of antC. Mitomycin C-stimulated N15 induction required RecA-dependent autocleavage of LexA and expression of AntC protein. Thus, a cellular repressor whose activity is regulated by DNA damage controls N15 prophage induction.
Infection of a host cell by a temperate phage can develop in two ways: lytically, when progeny phages are produced and released from the host cell, or lysogenically, when the phage genome is integrated into the chromosome or maintained as a plasmid. The expression of phage genes required for virion production and cell lysis is strongly repressed in the latter case. Although the lysogenic state is usually very stable, temperate phages generally retain the ability to switch from lysogeny to lytic development in the process of prophage induction. For example, exposure of the host cell to UV light or other DNAdamaging agents challenging cell survival can stimulate prophage induction.
In the lambdoid phage family prophage induction is achieved by inactivation of the main CI repressor; depletion of CI leads to a genetic switch from lysogeny to lytic development. Inactivation of CI is linked to the SOS response system (38) : DNA damage leads to conversion of the RecA protein to an activated form that promotes inactivation of lambda CI repressor by autoproteolysis (15, 19, 20, 32) . Activated RecA also catalyzes the self-cleavage of host cell-encoded LexA protein, a transcriptional repressor of a number of "SOS-response" genes, including RecA and LexA itself (20) .
An alternative mechanism of prophage induction is exemplified by coliphage 186. This phage relies on antirepressor tum, whose expression is under host LexA control (1, 16) . UV treatment enables synthesis of Tum (16) , which then binds to and affects the activity of the 186 repressor, resulting in induction of lytic growth (33) . A similar regulatory pathway is thought to govern expression of a tum homolog in the Salmonella enterica phage Fels-2 (2). In Vibrio cholerae phage CTX the control of expression of genes required for virion production is achieved by cooperative action of the RstR repressor and the host LexA protein. SOS induction of CTX production depends on RecA-stimulated autocleavage of LexA (24) .
Temperate phage N15 belongs to the lambdoid phage family in that it shares with lambda many head and tail genes, as well as some main regulatory circuits (CB/Cro regulatory unit, control of late operons by Q-mediated antitermination, etc.). However, unlike lambda, phage N15 in the lysogenic state is not integrated into the Escherichia coli chromosome but is maintained as a linear plasmid with covalently closed hairpin ends (for a review, see reference 26). N15 carries a locus, immB, which was found to be structurally and functionally similar to lambdoid phage immunity regions (21) . ImmB contains gene cB encoding the primary repressor protein, which shows low homology (15% identity and 18% similarity) to CI. The cB gene is flanked by a complex array of divergent operator-promoter sites. The two operators left of cB overlap the promoter of replication gene, repA, implying that binding of CB at these operators regulates transcription of repA. The three operators rightward of cB overlap the predicted promoter of cB itself and the predicted promoters of the "late" operon containing cro and Q. It was proposed (21) that CB, by binding to these operators, represses both its own transcription and transcription of cro, Q and late genes.
Like lambda, the N15 prophage may be induced by exposure of lysogenic cells to DNA-damaging agents such as UV light or mitomycin C. However, the amino acid sequence of CB does not contain the site of RecA-stimulated autocleavage, an AlaGly or Cys-Gly dipeptide sequence located within a "linker" region that joins the N-terminal DNA-binding domain (DBD) and C-terminal dimerization/autocleavage domain (7) . Unlike CI and other cleavable repressors, CB also lack the pair of strictly conserved residues S149/K192 responsible (35) for RecA-mediated autocleavage (21) . These observations suggest that the mechanism of N15 prophage induction may differ from that of other lambdoid phages.
Here we identified the N15 antirepressor gene, antC, and show that its product binds to and acts against the main phage repressor, CB. The promoter of antC is repressed by LexA protein. Induction of the N15 prophage requires RecA-dependent autocleavage of LexA, resulting in expression of AntC protein. In this way, a cellular SOS response controls N15 prophage induction.
MATERIALS AND METHODS
Media, chemicals, enzymes, and synthetic oligonucleotides. Bacteria were grown in LB liquid medium or on LB agar plates at 37°C, unless otherwise indicated. Antibiotics were added as appropriate, at the following concentrations: ampicillin, 100 mg/ml; chloramphenicol, 30 mg/ml; kanamycin, 50 mg/ml; and mitomycin C (1 g/ml). Pfu polymerase (Promega), T4 DNA ligase, and T4 polynucleotide kinase (all from New England Biolabs) and restriction enzymes (Promega and New England Biolabs) were used in accordance with the recommendations of the manufacturers. All PCR amplifications were carried out with Pfu DNA polymerase (Promega). The synthetic oligonucleotides used were as follows: 471-F, CTGAATTCATGGTATACGATTCAATGACAGAT; 471-R, GC AAGCTTATTCGCCAGCCTGCCGA; P471-1, AATTCGGTTGTATCGTTTGC GGATTTCCCTGTGTTTATATACAGTATTAAATAACG; P471-2, GATCCGT TATTTAATACTGTATATAAACACAGGGAAATCCGCAAACGATACAA CCG; P471-3, AATTCGGTTGTATCGTTTGCGGATTTCCAAATGTTTATAT ACAGTATTAAATAACG; P471-4, GATCCGTTATTTAATACTGTATATAAA CATTTGGAAATCCGCAAACGATACAACCG; cB-2h1, GCGGTGACCATTA AGGGTATGAAAACACGAG; cB-2h2, CGCTCGAGTCATCTACCCTCAACC ATGAAC; 471-2h1, CGCTCGAGGTATACGATTCAATGACAGAT; and 471-2h2, CGAGATCTTTATTCGCCAGCCTGCCGA.
Bacterial strains, bacteriophages, and plasmids. (9) . Bacteriophage N15 was described by Ravin and Shulga (29) . The coordinates of the N15 genome are from the complete N15 sequence (GenBank AF064539).
(i) Plasmids used for expression of N15 genes. Plasmids pCA15 and pCA12 were used for expression of CB repressor and AntA antirepressor, respectively (25) . Plasmid pBAD-471 was used for the controlled expression of antC; it was constructed by inserting the N15 antC gene, as a PCR fragment amplified with the primers 471-F and 471-R, between the EcoRI and HindIII sites of expression vector pBAD24 (13) . The expression of AntA and AntC was induced by adding arabinose to the growth medium to 0.1% (wt/vol).
(ii) Plasmids used for ␤-galactosidase reporter experiments. An N15 fragment containing the putative P471 promoter overlapped by a LexA binding site was constructed by annealing the synthetic oligonucleotides P471-1 and P471-2. The duplex was inserted between the EcoRI and BamHI sites of the transcription reporter plasmid pRS551 (34), upstream of lacZ gene, resulting in plasmid pNR271. Reporter plasmid pNR272 carrying mutations in a potential LexA binding site was constructed in a similar way except that oligonucleotides P471-3 and P471-4 were used instead of P471-1 and P471-2.
(iii) Plasmids and strain used for E. coli two-hybrid assays. Cb sequences to be fused to lexA ϩ 1-87 were amplified by PCR using oligonucleotide primers cB-2h1 and cB-2h2 and substituted for the BstEII-XhoI fragment of pMS604 (9) that carries the fos sequence. Fusion of antC to lexA 408 1-87 involved PCR amplification with the primers 471-2h1 and 471-2h2 and replacement of the jun sequences in pDL804 (9) . The SU202 strain (9) constructed for the E. coli two-hybrid assay is based on JL1434; it carries an integrated hybrid (op408/op ϩ ) sfiA promoter/operator fused to lacZ and an FЈlacI q plasmid to allow the regulated production of the LexA-and LexA 408 -DBD chimeric proteins. (iv) Bacteriophage N15Cm471. Bacteriophage N15Cm471 is an N15 mutant carrying an insertion mutation in antC. To construct it, we first cloned the 5.9-kb EcoRI/HindIII fragment of N15 DNA between the EcoRI and HindIII sites of pBAD24, yielding plasmid pBAD-5.9kb. The chloramphenicol resistance genes, cat, was then excised as a SmaI fragment from plasmid pKRP10 (31) and inserted into pBAD-5.9kb at the NdeI site located within antC. Phage N15 was plated on MC1061 strain carrying this plasmid. Recombinant phages, N15Cm471, carrying a cat gene insertion in antC were selected upon lysogenization of MC1061 cells and plating on LB agar plates supplemented with chloramphenicol.
E. coli two-hybrid analysis. SU202 strains cotransformed with derivatives of pMS604 and pDP804 that carry lexA::cB/AntC fusion genes were grown in the presence of 5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) to induce fusion protein synthesis as described previously (9) . In this and other experiments ␤-galactosidase activity was determined by the method of Miller (23) .
RESULTS
Sequence analysis of the LexA-controlled operon. Inspection of phage N15 genome sequence (30) revealed two potential binding sites for E. coli LexA protein (Fig. 1) . The first one, already noted by S. Casjens (5) , is located upstream of N15 gene 26, which encodes a homolog of the UmuDЈ protein, a subunit of an errorprone DNA polymerase that participates in the repair of DNA damage during the SOS response (37) . The second sequence, 5Ј-CCCTGTGTTTATATACAGTA, is located between genes 47 and 48. It is an excellent match to the consensus E. coli LexA binding site (5Ј-taCTGtatatatataCAGta; uppercase nucleotides are universally present, and lowercase nucleotides are not absolutely conserved) (10, 17) . The heterology index of this site, calculated as proposed by Lewis et al. (17) , is 6.76, which indicates a tightly repressed site. We also identified a potential promoter sequence oriented from left to right (Fig. 1) . However, published annotation of the N15 genome (30) shows no potential genes between this potential promoter and the next, counter-oriented gene, 48.
Careful analysis of the coding potential of the region between genes 47 and 48 revealed one open reading frame, which we shall term orf 471, preceded by a potential ribosome-binding site. This potential gene is followed by a putative terminator that separates it from the next operon oriented in the opposite direction and comprising N15 genes 49 and 48. The predicted 75-amino-acid protein product shows limited homology (22% identity and 35% similarity) to phage N15 antirepressor AntA, which was identified previously (25) . However, we found no detectable similarity between these proteins and LexA-controlled Tum antirepressor protein of phage 186.
Gene 471 encodes an antirepressor protein. The expression of orf 471 cloned in pBAD471 had no obvious effects on nonlysogenic host cells. However, N15 formed clear plaques when plated on a MC1061/pBAD471 indicator expressing orf 471, suggesting an effect of orf 471 expression on lysogenization.
To test this, a culture of MC1061(N15)/pBAD471 was grown in LB to mid-exponential phase and divided in two; incubation of one was continued in the presence of 0.1% glucose (repression) and of the other with 0.1% arabinose (induction of orf 471). Viable cells were assayed by plating onto LB agar with 0.1% glucose, and the titer of free phage was determined by plating on MC1061 indicator. Expression of orf 471 led to induction of a lytic cycle in an N15 lysogenic culture, as evidenced by cell lysis and substantial phage production after about 90 min. About 60 phage were produced per induced cell, which is approximately equivalent to the N15 burst size upon infection of a nonlysogenic host (50 to 100) (22) . No cell lysis and phage production was found without orf 471 induction in glucose-grown strain. Thus, expression of orf 471 activates lytic development. Because of its role, and taking into account the previous definition of genes 31 and 30 as antirepressors antA and antB (25), we named gene 471 antC. Similar results were obtained for DH10B(N15)/pBAD471 lysogene, indicating that RecA activity is not required for the activation of lytic development by AntC.
AntC counteracts CB-mediated control of N15 replication. It has been shown (21, 27 ) that N15 replication and prophage copy number are controlled by the primary phage repressor, CB. Here we analyzed the effect of antC expression on the copy number of the N15-based circular miniplasmid pNC10 (28) comprising only N15 repA and cB genes and a kanamycin resistance gene. Plasmids pBAD471 and pNC10 were introduced into E. coli strain MC1061. A culture of the resulting strain was grown to mid-exponential phase, and then expression of antC was activated by adding arabinose to the medium up to 0.1%; the culture was then further incubated for 2 h. Plasmid DNA was isolated at different times after induction of antC using an alkali lysis method and analyzed by agarose gel electrophoresis (Fig. 2) . A similar experiment was performed for plasmid pCA12 encoding antirepressor AntA. The increase in the intensity of the pNC10-specific band compared to the pBAD471-specific band demonstrates that AntC, as well as AntA, activate replication of pNC10.
AntC interacts with CB in two-hybrid system. To test the possible AntC-CB interactions directly, we turned to an E. coli two-hybrid system. The system is based on the ability of a LexA heterodimer, containing one wild-type (Lex . Homodimers do not bind strongly enough to repress. After replacement of the LexA ϩ and LexA 408 dimerization domains by the peptides being tested, the fusion proteins are produced together, and their capacity to interact is assessed by observing reduction in the expression of a sfiA::lacZ fusion controlled by the hybrid operator (9) .
The result of applying this system to AntC and CB interaction is shown in Table 1 Expression of AntC is driven by a LexA-controlled promoter. To ascertain whether the putative P471 promoter located upstream of antC is in fact active and whether LexA controls it, we constructed transcriptional reporters consisting of the corresponding N15 DNA fragment fused to lacZ (Fig.  1) . The pNR271 fusion carries the wild-type sequence, while pNR272 carries the promoter region with mutations in the putative LexA-binding site. These plasmids were placed into lexA wild-type and mutant E. coli strains, and expression of the lacZ reporter was measured with or without SOS induction by mitomycin C. The results presented in Table 2 show that the P471 promoter is active. Disruption of the LexA binding site in P471 results in an 11.4-fold-higher level of lacZ expression in the presence of LexA protein (strain MC1061), while in the absence of LexA (strain JL1434) both reporters are derepressed. These data support the hypothesis that LexA represses the P471 promoter through binding to the target site within P471. We also found that the levels of lacZ expression in pNR271 and pNR272 fusions were not reduced by CB in spite of the presence of a potential CB repressor binding site in the vicinity of P471 (30) .
In addition, if P471 is controlled by LexA, repression should be lifted if the host's SOS response is activated. As predicted, the presence of mitomycin C caused a 5.3-fold increase in lacZ expression in the host with wild-type lexA (MC1061/pNR271). Finally, in the recA mutant strain DH10B, in which LexA cleavage cannot be activated by SOS induction signals owing to the absence of RecA, the level of lacZ expression from pNR271 was ϳ8-fold lower than in MC1061/pNR271 and was not increased by mitomycin C treatment. It is likely that the higher level of lacZ expression in MC1061 than in DH10B in the absence of mitomycin C results from sporadic RecA-dependent SOS induction in a substantial fraction of the host cells. Consequently, P471 appears to be very well repressed by LexA. These experiments clearly show that the transcription of N15 gene antC from the P471 promoter is controlled by the host's LexA repressor.
AntC expression is required for SOS induction of N15 prophage. The results presented above demonstrate that induction of the SOS response leads to derepression of the LexA-controlled promoter of antC gene. Since expression of antC results in activation of phage N15 lytic development in lysogens, this pathway may explain inducibility of N15 prophage by UV and other DNA-damaging agents. However, an alternative "lambda-like" mechanism, based on the autolytic cleavage of CB repressor facilitated by activated RecA, cannot be ruled out. In order to determine the actual contribution of AntC to the SOS induction of N15 lysogens, we constructed an N15 mutant carrying an insertion mutation in antC.
This phage, N15Cm471, appeared to be undistinguishable from wild-type N15 in terms of plaque morphology, efficiency of lysogenization, and burst size upon infection of MC1061 cells (data not shown). However, unlike wild-type N15, the N15Cm471 prophage cannot be induced by mitomycin C (Table 3). Moreover, the frequency of "spontaneous" induction of N15Cm471 prophage, characterized by the titer of phage produced by the MC1061(N15Cm471) lysogens, is 4 orders of magnitude lower than that observed for wild-type N15 in MC1061(N15) and is comparable to that found in the recA mutant strain DH10B(N15). The much higher level of phage production in MC1061(N15) than in DH10B(N15) even in the absence of overt DNA damage (Table 3 ) may result from the sporadic SOS induction in a substantial fraction of the host cells. Thus, expression of antC antirepressor upon inactivation of LexA is the main mechanism of SOS induction of N15 lysogens.
FIG. 2. Antirepressors
AntA and AntC activate replication of the circular N15 based miniplasmid pNC10. Plasmid DNAs from E. coli strains carrying pNC10 and an antirepressor-producing plasmid were isolated and analyzed by agarose gel electrophoresis. Lane 1, molecular weight marker (phage DNA digested with HindIII); lanes 2, 3, and 4, DNA isolated from DH10B/pNC10ϩpCA12 at 0, 60, and 180 min after activation of antirepressor expression; lanes 5, 6, and 7, DNA isolated from DH10B/pNC10ϩpBAD471 at 0, 60, and 180 min after activation of antirepressor expression. a Cultures were grown with shaking at 37°C to an OD 600 of about 0.2, when mitomycin C was added to 1 g/ml to one-half of the culture, and growth was allowed to proceed for one additional hour. ␤-Galactosidase activities in Miller units represent the mean of three separate determinations. ND, not determined.
DISCUSSION
N15 antirepressor genes. We identified in the phage N15 genome a new antirepressor gene involved in the control of lysogeny. Expression of this gene (antC) from a plasmid is sufficient to prevent lysogenization by an infecting phage and to induce lytic development in N15 lysogens. This indicates that antC acts as an antirepressor that can prevent establishment of lysogeny and alleviate immunity in a lysogen.
Several "antirepressor" systems have been found in temperate bacteriophages. For example, lambdoid phages encode a cro gene that prevents expression of the main phage repressor at the transcription initiation level (for reviews, see references 3 and 11); "secondary immunity" loci such as the immI region of P1 and the lambdoid phage P22 code for an antirepressor (Ant) that, at least in the case of P22, can interfere with the activity of the primary repressor by directly binding to it (36) . We found that expression of antC counteracts the repression of promoters controlled by the primary N15 repressor, CB, resulting in activation of the replication of N15-based minplasmids and, probably, the expression of late gene clusters. Using a bacterial two-hybrid system we showed that AntC interacts with CB in vivo. Thus, the most plausible mechanism of "antirepression" is the formation of an AntC-CB complex unable to bind CB operators in N15 DNA.
In addition to antC, the N15 genome comprises another "antiimmunity" locus, immA, including antirepressor genes antA and antB (25) . One of them, antA (gene 30), exhibits limited but detectable homology to antC (Fig. 1) and, like it, prevents establishment and maintenance of lysogeny. The immA anti-immunity operon appears to be expressed only early after infection to commit the phage to the lytic cycle; it is turned off by the short regulatory CA RNA processed from the same transcript in the lysogenic and the late postinfection phases (25) . This mechanism is similar to that controlling expression of the antirepressor in phage P1 and of the replication operon in the satellite phage P4 (6, 8) .
The newly identified antC gene seems to be involved in another process: the switch from lysogeny to lytic development in the process of prophage induction. Phage N15 mutants in antC can infect E. coli cells, as well as establish stable lysogens, but are deficient in prophage induction. We found that antC expression is controlled by one of the major components of SOS system, the LexA protein. Exposure of the host cell to DNA-damaging agents that challenge cell survival results in RecA-dependent autocleavage of LexA, derepression of antC promoter, synthesis of this antirepressor protein and, finally, activation of lytic development. In this way, the cellular SOS response controls N15 prophage induction.
In the lambdoid phage family prophage induction is achieved by inactivation of the main CI-like repressor through autoproteolysis promoted by the activated form of the RecA protein. The alternative mechanism of prophage induction is used by coliphage 186 carrying the tum antirepressor gene under control of the host LexA protein (1, 16) . However, phage 186 does not belong to the lambdoid phage family, and the Tum protein shows no detectable homology to N15 AntC.
Control of phage genes by the host's LexA repressor. Besides antC, another N15 gene, 26, seems to be controlled by LexA since its promoter contains a putative LexA binding site (5) . This gene encodes the homologue of the E. coli UmuDЈ protein, the subunit of an error-prone DNA polymerase that participates in the repair of DNA damage during the SOS response (37) . The E. coli UmuD protein is synthesized in an inactive form and is processed by RecA into active peptide, while phage N15 gene 26 product corresponds to an alreadyprocessed peptide lacking the amino-terminal 24 amino acids, UmuDЈ. Interestingly, other known linear phage plasmids, K02 and pY54, as well as phage P1, also contain umuDЈ-like genes under the control of the LexA repressor (5, 14, 17) .
Analysis of the nucleotide sequences of linear phage plasmids K02 and pY54 revealed that both phages encode AntClike antirepressors (gp47 and gp57, respectively) and that these genes may be controlled by LexA. In phage K02 the LexA binding site directly overlaps gene 47 promoter, while in phage PY54 the LexA operator controls expression of a two-gene operon comprising gene 56 that encodes a DinI-like protein (14) and the antirepressor gene, 57.
The Lex/Ant regulatory system of N15 and other linear phage-plasmids seems to be an alternative to the lambda model of cleavable repressor. A number of genes encoding DinI-and UmuD-like proteins presumably controlled by LexA were identified in temperate phage and plasmid genomes (5), but LexA-controlled antirepressor genes were found only in the nonlambdoid phages 186 and Fels-2. We show here that a phage carrying CI-like repressor can use a Lex/Ant prophage induction mechanism instead of repressor autocleavage. Whether such replacement provides particular benefits to temperate phages, which lysogenize as linear plasmids, or just reflects the common origin of the three phage-plasmids is unclear. However, since the mechanisms of prophage induction have been investigated for relatively few phage families, it is possible that the lambda model of cleavable repressor will turn out to be the exception rather than the rule. a Cultures were grown with shaking at 37°C to an OD 600 of about 0.2, when mitomycin C was added to 1 g/ml to one-half of the culture, and growth was allowed to proceed for three additional hours. The titer of free phage was determined by plating on the MC1061 indicator.
b The fold increase was calculated by dividing the N15 titer measured in the presence of mitomycin C by the titer measured in its absence.
